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One of the goals of modern surface science is to understand at the most fundamental level how oxygen interacts with metallic surfaces. This topic is of great technological importance due to the central role that oxygen-surface interactions have in determining the atomic-level mechanisms of such phenomena as metallic oxidation, corrosion, and chemical catalysis. To date, activity in this area of investigation has primarily concentrated on the interactions of molecular oxygen. We have recently initiated ultra-high-vacuum ͑UHV͒ gas-surface scattering experiments in which a beam of atomic oxygen interacts with various metallic interfaces, in this instance Rh͑111͒. This allows us to examine oxygenmetal surface chemistry in which the constraint of starting with a molecular rather than an atomic oxidant has been lifted, and to elucidate whether differences exist in the rate of oxygen incorporation into the bulk depending on the nature of the oxidant, with concomitant consequences for metallic oxidation.
Much is already known about the adsorption and absorption of O on Rh͑111͒.
1-3 Under UHV conditions, it is generally accepted that the saturation coverage for chemisorbed O originating from O 2 dosing is 0.5 monolayers ͑ML͒ ͑Refs. 4-8͒ ͑though a recent STM study, 9,10 refuted by Ref. 8 , claimed a saturation coverage of 0.25 ML͒. The formation of this half-coverage overlayer at a saturation exposure of O 2 is characteristic of other closest-packed transition metal surfaces as well. However, exceptions do exist when surface defects are present, or when other molecular oxidants are used which do not need to simultaneously deposit two chemisorbed oxygen atoms. For example, Parrott et al. 11 were able to grow 1 ML of adsorbed O on a stepped Ru crystal after long exposure to 10 Ϫ5 Torr of O 2 at a surface temperature of 300 K. Moreover, NO 2 can produce high O coverages on the low-index planes of several transition metals including Pt͑111͒, 12 Pd͑111͒, 13 and Ru͑0001͒. [14] [15] [16] Recently, an ordered ͑1ϫ1͒-O monolayer has been grown with NO 2 at 600 K on Ru͑0001͒, 16 as was suggested theoretically. 17 In addition to structural and chemisorption issues, further motivations for these studies comes from heterogeneous reaction studies involving O adsorbed on Ru͑0001͒ ͑Refs. 18-20͒ and Rh͑111͒, 4 including new beam studies from our group 21 which suggest large changes in catalytic activity and reaction mechanism with differing oxygen coverage.
The main thrust of this Communication will be to examine the interaction of an atomic oxygen beam with Rh͑111͒. We will show this to be an effective way of producing a well-ordered ͑1ϫ1͒ monolayer of O on Rh͑111͒, as well as an efficient method of incorporating O into the bulk of the material. These results strongly imply that kinetic ͑dynami-cal͒ constraints associated with the dissociative chemisorption of O 2 at coverages above 0.5 ML rather than thermodynamic issues govern the formation of such high O-covered surfaces, a view recently confirmed by electronic structure calculations on this system. 22 We have also been able to produce a well-ordered ͑1ϫ1͒-O overlayer on Rh͑111͒ using NO 2 , to be discussed elsewhere. 21 These experiments were performed in a unique threesupersonic-beam UHV gas-surface scattering instrument; 23, 24 only the essential features will be mentioned here. The three beams are generated in a quadruply-differentially pumped source chamber. These beams converge on the target crystal in the scattering chamber with base pressure ϳ1 ϫ10 Ϫ10 Torr. Scattered neutral particles are detected with a doubly-differentially pumped quadrupole mass spectrometer ͑angular resolution ϳ1°͒ which rotates around the position of the crystal. This rotation, which includes the surface normal, defines the plane in which we can detect scattered atoms.
The helium diffraction measurements were performed with a liquid nitrogen cooled source located in the center beam position. This produced a highly collimated He beam ͓͗E͘Х20 meV; ⌬v(FWHM)/vХ1%]. The atomic oxygen beam was produced using a radio frequency discharge nozzle beam source 25 operated at 13.5 MHz, with a 1 mm diam nozzle, and a stagnation pressure between 1 and 4 Torr of O 2 . The O number density fraction n the beam was determined to be ϳ30%. [25] [26] [27] The beam was mildly supersonic, with the O 2 having an average energy of 80-90 meV, and the O having an average energy of about 60 meV. Depending upon the stagnation pressure, the total flux could be varied from 0.01 to 0.15 ML/s ͑1 MLϭ1.6ϫ10 15 atoms/cm 2 ). The rhodium crystal was cut to within 1°of the ͑111͒ face, as confirmed by Laue x-ray diffraction. Crystal cleanliness was confirmed using Auger electron spectroscopy, and by monitoring the intensity and width of specularly reflected He. Coverage measurements were done using temperature programmed desorption ͑TPD͒, where the mass 32 signal of desorbing O 2 was monitored while ramping the crystal temperature. For calibration, we referenced a given experiment's TPD intensity to that for an O 2 dosed surface, which has a known saturation coverage of ⌰ O ϭ0.5 ML. Figure 1 shows O 2 TPD spectra taken using a ramp rate of 10 K/s for varying amounts of oxygen deposited at T S ϭ325 K. In Fig. 1͑a͒ , the open circles are the O 2 dosed ''reference'' TPD spectrum where the total amount of O 2 desorbed is 0.5 ML. Here the O 2 desorbs over a temperature range from about 700 K to greater than 1200 K. At this surface temperature, continued dosing with O 2 does not result in a measurable increase in the amount of desorbed O 2 . The other TPD data set of Fig. 1͑a͒ has an integrated intensity twice that of the O 2 dosed surface, i.e., ⌰ O ϭ1.0 ML. This oxygen coverage corresponds to the minimum amount that is needed to completely convert the surface structure from a ͑2ϫ1͒-O to a ͑1ϫ1͒-O overlayer, confirming the formation of a 100% O-covered surface. The TPD data of Fig.  1͑b͒ reveal that even higher coverages than 1 ML of oxygen can be easily generated when dosing with atomic oxygen; the TPD spectra have features that can be clearly associated with both ad-and absorbed oxygen. 28 The O 2 in excess of 0.5 ML desorbs as a narrow peak at ϳ800-850 K, with the peak temperature shifting upwards with greater quantities of O 2 .
Figure 
angular positions of the principle diffraction features are consistent with a commensurate (1ϫ1)-O/Rh(111) overlayer (Rh-Rh distanceϭ2.69 Å).
A very small residual half-order peak in the ͗101͘ direction can be seen in Fig. 2͑d͒ ; this may be due to a slight adsorbateinduced buckling of the Rh͑111͒ surface, not uncommon for close-packed metal surfaces. 29 We have shown compelling He diffraction and TPD evidence that dosing with atomic oxygen leads to the facile formation of a ͑1ϫ1͒-O surface structure which has ⌰ O ϭ1.0 ML. This result differs from that obtained when using molecular oxygen, which leads to the formation of a ͑2ϫ1͒-O surface structure with ⌰ O ϭ0.5 ML. We can rule out the possibility that O 2 dosing leads to a saturated 0.25 ML structure; if this were the case, then O atom dosing would have deposited only 0.5 ML, yielding prominent higher-order features in the diffraction spectra-features not observed in our experiments. We also note that even though it is possible to deposit more than 0.5 ML of O with long O 2 exposure of the Rh͑111͒ surface at elevated surface temperatures, that the associated diffraction spectra still show pronounced half-order peaks. This indicates that for O 2 dosing the extra oxygen is absorbed into the bulk, and does not reside at the surface. Figure 3͑a͒ shows the absorption isotherm for atomic oxygen at T S ϭ325 K. The data points were obtained from TPD data. The solid line, which provides a quantitative fit to the data, assumes first-order Langmuir adsorption kinetics,
where ⌽ is the flux of O atoms and S 0 is the initial sticking coefficient. This first-order adsorption line was fit to the data Fig. 3͑a͒ .
The absence of change in consecutive diffraction runs taken during a 30 min period indicates that the ͑1ϫ1͒-O overlayer is stable at T S ϭ325 K. To investigate the stability of the ͑1ϫ1͒-O overlayer at higher surface temperatures, we first grew 1.0 ML overlayers at T S ϭ325 K. Reference He diffraction data were taken, followed by heating to a specified elevated temperature for 5 min. Finally, the surface was cooled back to 325 K and a diffraction spectrum taken for comparison to the reference structure. Between 400 K and 425 K, small half-order peaks appeared, indicating the depletion of surface oxygen. This trend becomes much more pronounced at 525 K, where half-order peaks become quite evident after heating for only 30 s. Most of the missing surface oxygen becomes absorbed at this temperature.
We now examine the facile absorption of oxygen into the bulk metal when dosing with atomic oxygen. It is possible, as shown in Fig. 1͑b͒ , to deposit more than 1.0 ML of oxygen when dosing with O. He diffraction experiments indicate that this occurs while still maintaining a well-ordered ͑1ϫ1͒-O overlayer. This provides clear evidence that we are not growing a compressed phase of adsorbed O, but rather that the extra O absorbs into the bulk. A comparison of the measured absorption rates for O vs O 2 is shown in Fig. 3͑b͒ . The rates for O 2 dosing have been previously measured for temperatures between 400 K and 600 K using a room temperature supersonic beam with a flux of 1 ML/s. 1 The solid line shown in Fig. 3͑b͒ is a fit to these prior data, extrapolated to lower temperatures. At T S ϭ325 K, we were unable to measure any additional oxygen uptake with as much as 80 min of O 2 exposure after the completion of 0.5 ML coverage. The circles in Fig. 3͑b͒ are the measured rates for oxygen absorption when dosing with the O atom beam using conditions which maintained the ordered ͑1ϫ1͒-O overlayer. These results indicate a dramatic enhancement in the rate of oxygen incorporation into the bulk when exposing the substrate to atomic oxygen, a finding with important consequences for low-temperature metallic oxidation and materials degradation.
To summarize, we have demonstrated that the Rh͑111͒ surface is capable of supporting a full monolayer of adsorbed O when using atomic O for dosing. It is adsorbed as a wellordered ͑1ϫ1͒-O overlayer, as shown by He atom diffraction. The facile formation of a stable ͑1ϫ1͒-O/Rh͑111͒ structure when dosing with atomic oxygen stands in sharp contrast to the limiting value of 0.5 ML which is reached when dosing with molecular oxygen. These findings emphasize that the dynamical path taken by oxygen molecules as they dissociatively chemisorb on metallic surfaces is critically influenced by adsorbate coverage. This strongly suggests that for dissociative adsorption to occur a relatively low-energy path must exist which accesses two adjacent surface sites. These pathways become energetically unfavorable and hence inaccessible for ⌰ O Ͼ0.5 ML. Electronic structure calculations 22 confirm this conclusion. Our observation that O absorption into the bulk proceeds much more readily when using O rather than O 2 is a finding with direct implications for low-temperature metallic oxidation. This suggests that the potential energy surface that governs oxygen transport across the surface-to-selvedge interface must also be highly dependent on O coverage, with the energetic barrier for migration from the ͑1ϫ1͒-O overlayer to the bulk being substantially lower than from the ͑2ϫ1͒-O overlayer. These results demonstrate that there are important fundamental differences in the way in which low-energy beams of atomic and molecular oxygen interact with metals. These studies further reinforce the sense that a predictive knowledge of how atomic oxygen reacts with materials spanning the range from thermal to high energy is as yet incomplete. We are presently expanding these studies of atomic oxygen-surface interactions to include other metallic and organic interfaces.
